A systematic survey of expression profiles of glycosphingolipids (GSLs) in two hESC lines and their differentiated embryoid body (EB) outgrowth with three germ layers was carried out using immunofluorescence, flow cytometry, and MALDI-MS and MS/MS analyses. In addition to the well-known hESC-specific markers stagespecific embryonic antigen 3 (SSEA-3) and SSEA-4, we identified several globosides and lacto-series GSLs, previously unrevealed in hESCs, including Gb 4 Cer, Lc 4 Cer, fucosyl Lc 4 Cer, Globo H, and disialyl Gb 5 Cer. During hESC differentiation into EBs, MS analysis revealed a clear-cut switch in the core structures of GSLs from globo-and lactoto ganglio-series, which was not as evident by immunostaining with antibodies against SSEA-3 and SSEA-4, owing to their cross-reactivities with various glycosphingolipids. Such a switch was attributable to altered expression of key glycosyltransferases (GTs) in the biosynthetic pathways by the up-regulation of ganglio-series-related GTs with simultaneous down-regulation of globo-and lacto-seriesrelated GTs. Thus, these results provide insights into the unique stage-specific transition and mechanism for alterations of GSL core structures during hESC differentiation. In addition, unique glycan structures uncovered by MS analyses may serve as surface markers for further delineation of hESCs and help identify of their functional roles not only in hESCs but also in cancers.
G lycosphingolipids (GSLs) are lipids containing at least one monosaccharide residue and either a sphingoid or a ceramide (1) . They are ubiquitous components of cell membranes and are particularly abundant on surfaces of animal cells. The GSLs in vertebrate animal tissues can be divided generally into three major groups: (i) the ganglio-and isoganglio-, (ii) the lacto-and neolacto-, and (iii) the globo-and isoglobo-series (2, 3) . It was suggested that these molecules have important functions as mediators of cell adhesion and signal transduction, and as cell type-specific markers. In vertebrate cells, GSL-enriched surface microdomains organized with various signal transducer molecules seem to be important for modulating cell adhesion and signal transduction (3, 4) . In addition, the expressions of GSLs are frequently and drastically changed during development and differentiation; therefore, GSLs are useful as lineage-specific differentiation markers (5-7). Stage-specific embryonic antigen 3 (SSEA-3) and SSEA-4 are considered to be important markers of hESCs, whereas and O4, O1 antigen (8), A2B5 antigens, and GD3 are markers of neural lineage cells (9) .
hESCs are pluripotent cells capable of self-renewal and differentiation to form cells of all three germ layers. For years, many studies attempted to unravel the molecular mechanisms that govern hESC pluripotency and differentiation. However, our understanding of the mechanisms regulating the unique capabilities of hESCs is still limited. In particular, the roles of GSLs on the hESC surface are not well elucidated. Although the epitopes defined by the mAbs MC631 (anti-SSEA-3) and MC813-70 (anti-SSEA-4) were delineated (10, 11) , the identities and roles of these well-known surface markers for hESCs are mostly not understood. In addition, these antibodies were shown to be cross-reactive to different degrees with various GSLs (10, 11) . MC631 recognizes the GalNAcβ1-3Galα1-4Gal epitope, which exists in Gb 5 Cer of SSEA-3 and sialyl Gb 5 Cer of SSEA-4; it also reacts, to a lesser extent, with Gb 4 Cer and the Forssman antigen (GalNAcα1-3Gb 4 Cer) and weakly with Globo H (10, 11) . On the other hand, the MC813-70 epitope is mostly represented by sialyl Gb 5 Cer in SSEA-4. This mAb also cross-reacts to different extents with GM1b and GD1a, and a common structure of the core 1 O-glycan glycoprotein, carrying the NeuAcα2-3Galβ1-3GalNAc epitope (10, 11) . Therefore, positive immunostaining with mAbs alone might not necessarily reflect a particular entity of GSLs on hESCs. Instead, a detailed MS analysis coupled with immunostaining is essential to decipher the precise profile of GSLs in hESCs.
Changes in GSLs in mouse ES cells (ESCs) were reported (12) (13) (14) (15) (16) . However, there are important differences between mouse and human ESCs (17) . Whereas most early mouse ESCs are obtained from the inner cell mass before embryo implantation, hESCs are derived from epiblasts of postimplantation embryos (18, 19) . In addition, human embryonic carcinoma cell lines that were derived from a teratocarcinoma were also used for similar studies (20, 21) . It is well documented that these cells significantly differ from hESCs, not only in the stages of embryonic development but also in the expression of surface markers and growth requirements (22) . Furthermore, previous studies often relied on the use of mAbs that recognize glycan epitopes; but these epitopes appear in various glycoconjugates (10) .
In this study, we used MALDI-MS and tandem MS (MS/MS) analyses in addition to immunostaining and flow cytometry to systematically delineate changes in expression profiles of GSLs in two undifferentiated hESC lines and 16-d differentiated embryoid body (EB) outgrowth cells. We found that there was a striking switch in the core structures of GSLs from globo-and lacto-to ganglio-series during hESC differentiation. The results not only uncovered several previously unreported glycans in hESCs but also highlighted the value of such combined strategies to overcome the inherent tribulations associated with cross-reactivities of antibodies.
Results
Immunofluorescence and Flow Cytometric Analysis of hESC GSLs. To detect changes in GSLs during hESC differentiation, HES5 cells were induced to differentiate in vitro into EB outgrowth cells for 16 d as described in Materials and Methods. Under microscopic observation, human HES5 cells showed high nuclear-cytoplasmic ratios, prominent nucleoli, and compact colony morphology with poorly discernable cell junctions. Once ESCs were induced to differentiate, cells began to organize into 3D aggregates and continued to grow into spherical EB-like structures. After plating onto gelatin-coated culture dishes, human EBs became attached and grew outward to form EB outgrowth cells for a total of 16 d. A typical colony morphology of HES5 cells cultured in the presence of the mouse embryonic fibroblast feeder is shown in Fig. S1A (Left) In the absence of FGF-2, EB outgrowing cells became attached to the dish surface and migrated radially away from the center of the EB (Fig. S1A, Right) . The morphology of these expanded differentiated cells that grew out of the EBs was highly heterogeneous. Marker analyses with specific antibodies for neurofilaments, nestin (ectoderm), α-smooth muscle actin (mesoderm), and α-fetoprotein (endoderm) showed that differentiated cells from the HES5 cell line expressed markers representative of all three germ layers (Fig. S1B) . By immunostaining and flow cytometric analysis, populations representing the ectoderm, mesoderm, and endoderm in EB outgrowth cells were estimated to be 68%, 32%, and 4%, respectively (Fig. S1B) .
To investigate changes in GSLs during hESC differentiation, we initially used mAbs for characterization. GSL-specific antibodies and pluripotency-related Oct3/4 markers were analyzed in undifferentiated hESCs and 16-d differentiated EB outgrowth cells by immunofluorescence microscopy and flow cytometry (Fig. 1) . As expected, SSEA-3 was highly expressed in undifferentiated hESCs and down-regulated to ≈3% in differentiated EB outgrowth cells (23) . On the other hand, SSEA-4 was also highly expressed in hESCs but decreased to 43% after differentiation to 16-d EB outgrowth cells, as determined by immunostaining (Fig. 1) .
Furthermore, Globo H, a hexasaccharide GSL with an α(1,2)-linked fucose that is overexpressed in epithelial cell tumors such as colon, ovarian, gastric, pancreatic, endometrial, lung, prostate, and breast cancers (24, 25) , was also detected in undifferentiated hESCs but had almost completely disappeared in differentiated EB outgrowth cells (Fig. 1) . To further explore GSL expressions in ESCs and EB outgrowth by flow cytometry, we found that not only globo-series GSLs, such as SSEA-3, SSEA-4, and Globo H, but also a lactose-series GSL, fucosyl Lc 4 Cer (H type 1 antigenic determinant), were expressed by hESCs, and these expressions diminished during hESC differentiation (Fig. 1B) . On the other hand, flow cytometry revealed no substantial difference in the expression of GM1 between ESCs and EB outgrowth cells but significantly higher expressions of GM3 and GD3 in differentiated EB outgrowth cells (Fig. 1B) .
MALDI-MS and MS/MS Analysis of hESC GSLs Before and After
Differentiation. Previous studies reported various cross-reactivities of mAbs to various GSLs (10, 11) , making it difficult to ascertain the presence of particular entities of GSLs on hESCs using mAbs alone. In addition, the cholera toxin B subunit, which we used to detect GM1, was reported to bind GM1 as well as fucosyl GM1, asialo GM1, GD1a, GD1b, GT1b, GM2, and GM3 (26) (27) (28) . Thus, to decipher a precise profile of GSLs in hESCs, we used MALDI-MS profiling and MS/MS sequencing to systematically analyze GSLs from hESCs and differentiated EB outgrowth cells. The total crude GSL extracts after Folch partitioning were permethylated and subjected to MALDI-MS and MS/MS analyses without further purification. This approach has the advantage of neutralizing all carboxylic groups on sialic acids by methyl esterification, thus allowing simultaneous semiquantitative profiling of both neutral and negatively charged sialylated species. As shown in Fig. 2 , the mass spectra obtained for permethylated GSLs from hESCs and EB cells drastically differed, with each being dominated by several major peaks that occurred in signal clusters owing to the expected heterogeneity of the ceramide moieties. On the basis of the m/z values for each of the major sodiated molecular ion signals, as fitted to the expected core structures of the three GSL series (globo-, ganglio-, and lacto-) along with the usual range of the most common permutation of sphingosine and fatty acyl chains, the respective GSL profiles were assigned as annotated in Fig. 2 , and these assignments were further confirmed by additional MS/MS analyses of each of the major peaks (Fig. 3) .
As expected, GSLs from undifferentiated hESCs were found to comprise Gb 5 Cer and its sialylated version, respectively corresponding to the overlapping SSEA-3 and SSEA-4 epitopes ( Fig.  2A) . Low-energy collision-induced dissociation (CID) MALDI-MS/MS analyses of these and a series of other GSLs afforded several common ions, indicating similar core structures (Fig. 3 ). Among these were the ions at m/z 548, which revealed the ceramide moiety, and C ions produced through glycosidic cleavages at Glc and Gal of the ubiquitous Gal-Glc disaccharide unit directly extending from the ceramide, which defined the overall glycosyl composition. All globo-series additionally afforded characteristic C/Z double cleavage ions at m/z 449 and 653, corresponding to the internal Hex 2 and Hex 3 units derived from the unique globobackbone of -3Galα1-4Galβ1-4Glc-. The subsequent GalNAcβ1-3 extension from this backbone defines the Gb 4 Cer core sequence, which can be identified by the common Y ion at m/z 1200, along with B ions that defined R-GalNAc-nonreducing terminal epitopes. Thus, Gb 5 Cer, sialyl Gb 5 Cer, and fucosyl Gb 5 Cer showed B ions at m/z 486 (Hex-HexNAc-), 847 (NeuAc-Hex-HexNAc-), and 660 (Fuc-Hex-HexNAc), respectively. The additional C 2 ion at m/z 433 (Fuc-Hex-OH) given by the fucosyl Gb 5 Cer (Fig. 3C ) unambiguously located the Fuc substituent in the nonreducing end and therefore was consistent with a Globo H structure. Collectively, these MS/MS data clearly identified the major [M+Na] + molecular ion signals at m/z 1664, 1838, and 2025 as Gb 5 Cer (SSEA-3), fucosyl Gb 5 Cer (Globo H), and sialyl Gb 5 Cer (SSEA-4), respectively, each with the same ceramide moiety corresponding to the most commonly found composition of d18:1 sphingosine and a C16:0 fatty acyl chain. These globo-series can be further extended to include a minor disialylated Gb 5 Cer species at m/z 2386, which afforded a critical D ion at m/z 629 by high-energy CID MS/MS, indicative of an internal NeuAc-HexNAc unit (29) as found in the disialyl terminal motif, NeuAc-Hex-(NeuAc-6)3HexNAc-.
At the lower end, another molecular ion signal at m/z 1460 was likewise identified by the Gb-characteristic fragment ions at m/z 449, 653, and 1200 as Gb 4 Cer; however, additional B and Y ions at m/z 486 and 997, respectively, also indicated the presence of a structural isomer corresponding to GSL of the lacto-(or neo-lacto-) series, namely Galßl-3 or Galβ1-4-GlcNAcβ1-3Galβ1-4Glcβ1-1'Cer. Its fucosylated counterpart could be found at m/z 1634, with characteristic fragment ions at m/z 433 and 660 similar to those afforded by Globo H, indicative of carrying a terminal Fuc-Gal (H antigen) on the Lc 4 Cer GSL. The D ion at m/z 268 (ΔHexNAc-OH, with the C3-substituent eliminated) afforded by this species under highenergy CID MS/MS further supported the H type 1 epitope, FucGal-3GlcNAc (Fig. 1B) , although the data could not rule out the presence of an alternative H type 2 epitope on a neolacto (nLc)-series GSL. More importantly, both the Lc 4 Cer and Fuc-Lc 4 Cer and all of the identified Gb 4 Cer-and Gb 5 Cer-related GSLs were clearly down-regulated upon differentiation to the extent that none was detected at any significant level in the permethylated GSL sample from EB cells (Fig. 2B) . Instead, the latter was dominated by GSLs of the ganglio-series, especially GM3 and GD3.
At first glance, GD3 was only highly expressed in EB cells and not in hESCs, whereas GM3 along with GD1a/GD1b were commonly expressed in both. Other less-abundant ganglio species, including GM2, GM1, and GT1a/GT1b/GT1c, were also more obvious in EB cells, although in general it is not possible to categorically rule out the presence of any of the gangliosides at low amounts in hESCs, which may be suppressed or masked by overlapping, more-abundant signals attributed to the globoseries. Additional MS/MS analyses revealed that isomers of GM1a/GM1b and GD1a/GD1b were present in EB cells.
Interestingly, the most obvious heterogeneity in the ceramide moiety of GM3 and the nonsialylated Gb and Lc in hESCs was represented by molecular ion signals at the 28-u increment, corresponding to a C18 replacing a C16. Only those sialylated Gb 5 Cer and GD1a/GD1b/GD1c were additionally accompanied by multiples of 28 u, representing C20, C22, C24, and C24:1 (+110 u from the major species with C16:0), at much lower abundances. In contrast, the ceramide moieties of gangliosides in EB cells were clearly much more heterogeneous. Typically for each of the assigned ganglioside signal clusters, its fatty acyl content was composed of C16 and C16 with an extra OH, C22, C24:1, and C24, among the most abundant components, assuming that each carried the same d18:1 sphingosine base. Thus, even for GD1a/GD1b, which was found in both hESCs and EBs, the relative amounts of species with different fatty acyl contents distinctly differed.
In addition, the results of MALDI-MS indicated that both hESC lines, HES5 and H9, exhibited similar expression patterns of GSLs; moreover, similar patterns of GSL expressions of these hESC lines were determined after their differentiation (Fig. S2) .
Alterations in the Expressions of GSL-Related Glycosyltransferases
During Differentiation. To elucidate the mechanism underlying alterations in GSLs during hESC differentiation, we analyzed the expressions of glycosyltransferases (GTs) involved in the GSL biosynthetic pathways. The GSL biosynthetic pathways and multiples of changes in expressions of key GTs genes during hESC differentiation are shown in Figs. 4 and 5 . First, the Gb 3 Cer synthase (A4GALT) and Lc 3 Cer synthase (B3GNT5), which convert the common precursor lactosylceramide to Gb 3 Cer and Lc 3 Cer, were respectively downregulated to 30% and 50% of levels in undifferentiated hESCs in differentiated EB outgrowth. In addition, B3GALT5, which cat- (SSEA-4) , several other globo-and lacto-series GSLs, such as Globo H, disialosyl Gb 5 Cer, Gb 4 Cer, Lc 4 Cer, and fucosyl Lc 4 Cer, were present in hESCs. (B) In EB outgrowth, the core structures of GSLs had switched to ganglio-series GSLs, giving rise to GM2, GD3, and GD1a/GD1b. Identification of individual GSLs was based on their determined molecular masses and subsequent MS/MS sequencing, facilitated by the knowledge of the core sequences of ganglio-, lacto-, and globo-series and the usual range of fatty acyl heterogeneity associated with the ceramide moiety. Only those GSLs further subjected to MS/MS analyses to confirm their sequence were additionally annotated with illustrations of their major structures. The fatty acyl heterogeneities associated with GSLs from hESCs were primarily C16:0 and C18:0, with a mass difference of 28 u. Only the larger, sialylated GSLs additionally carried longer fatty acyl chains of up to C24:0/C24:1. In contrast, gangliosides from EBs exhibited a more heterogeneous fatty acyl profile, prominently featuring those carrying C24:0/C24:1 (at 112/110 mass units higher than those with C16:0), and those with a hydroxylated C16:0 (at ≥30 u). GSLs with the same glycan moiety but with different fatty acyl contents are bracketed.
alyzes SSEA-3 (Gb 5 Cer) and Lc 4 Cer synthesis, also decreased to 30%, which was attributed to decreases in SSEA-3 and Lc 4 Cer expressions in differentiated EB outgrowth. Furthermore, two fucosyltransferases, FUT1 and FUT2, which catalyze the synthesis of Globo H and Fuc-Lc 4 Cer, diminished during differentiation (both to 20%). These changes may have led to the inefficient conversion of lactosylceramide to globo-and lacto-series GSLs during hESC differentiation. On the other hand, the conversion of SSEA-3 to SSEA-4 was catalyzed by ST3GAL1 and ST3GAL2, the expressions of which increased by 18.3-and 2.8-fold, respectively. These findings may account for the presence of a residual amount of SSEA-4 in differentiated EB outgrowth cells. Fig. 5B illustrates key GTs involved in the conversion of lactosylceramide toward globo-, lacto-, and ganglio-series GSLs. In contrast to the aforementioned decreases in GTs that are involved in the biosynthesis of globo-and lacto-series GSLs, the GTs involved in the biosynthesis of ganglio-series GSLs, such as GM2 and GM3 synthases (B4GALNT1 and ST3GAL5), respectively increased by 8.4-and 14.2-fold during hESC differentiation. These changes are in line with the increased expressions of gangliosides and reduced expressions of globo-and lacto-series GSLs in differentiated EB outgrowth cells. In addition, expressions of other GTs involved in ganglioside biosynthesis, such as GD3 and GT3 synthases (ST8SIA1) and sialyltransferase 4 (ST3GAL1), also respectively increased by 8.9-, 8.9-, and 18.3-fold, (Figs. 4C and 5C ). Taken together, alterations of these key GTs may account for the switch in the core structures of GSLs in favor of ganglio-series biosynthesis upon hESC differentiation.
The kinetics of the rise and fall of mRNA levels of GTs was examined during the 16-d course of differentiation of hESCs (Fig.  S3 ). There were initial rapid declines in B3GALT5, FUT1, and FUT2 expressions in the first 3 d, followed by subsequent gradual decreases. On the other hand, expressions of ST3GAL1, ST3GAL5, and ST8SIA1 showed gradual and steady rises during differentiation. Expressions of Oct3/4 and Sox2 genes, which were expected to be down-regulated during hESC differentiation, were used as a control. The results indicated progressive changes in the GT network, which provide a molecular mechanism for modulating the GSL profile on the cell surface during hESC differentiation.
Discussion
GSLs on the surface of mammalian cells have important biological functions in cell adhesion, signal transduction, and differentiation. Yamashita et al. (13) reported that knockdown of the Ugcg gene, a key GT for converting ceramide to glucosylceramide in the initial step of the GSL biosynthesis pathway, led to defects in embryonic differentiation after gastrulation, suggesting a vital role of GSL synthesis in development. In addition, using known antibodies, the expressions of several GSLs from mouse ESCs were reported (12) (13) (14) (15) (16) . However, antibodies that recognize specific glycan epitopes conceivably cross-reacted with various glycoconjugates containing similar defined epitopes (10) . Therefore, in this study, profiles of GSLs in two hESC lines and their 16-d differentiated derivatives were examined using MALDI-MS and MS/MS analyses in addition to immunostaining and flow cytometry. Furthermore, Draper et al. (21) reported decreases in SSEA-3 and SSEA-4 and an increase in GD3 during retinoic acid-induced differentiation of hESCs. In this study, in addition to SSEA-3 and SSEA-4, we demonstrated the presence of other globosides and lacto-series GSLs, including Gb 4 Cer, Lc 4 Cer, fucosyl (n)Lc 4 Cer, Globo H, and disialyl Gb 5 Cer in hESCs, that were not previously known to be expressed by hESCs. These GSLs expressed by hESCs rapidly diminished upon differentiation to EB outgrowth cells and thus might be useful stage-specific transition markers of hESCs and be valuable for monitoring the properties and behavior of hESCs in culture.
These observations are also consistent with the observed changes in GSL expression patterns during embryonic development of mice (3, 30) . On the basis of TLC, the GM1 ganglioside was shown to be present in mouse ESCs (14) ; furthermore, GM3, GM2, and GD3 were demonstrated using a similar approach (15, 16) . In contrast, our studies using hESCs showed that GM3, GM1, and GD1a/GD1b were detected in undifferentiated cells; after differentiation, GM3 and GD1a/GD1b and other gangliosides, such as GM2, GD3, and GT1a/GT1b/GT1c, all increased. In addition, Fig. 3 . MALDI CID MS/MS sequencing of permethylated GSLs from undifferentiated hESCs. All detected major peaks were subjected to an MS/MS analysis using both low-and high-energy CID, but for simplicity only four representative low-energy CID MS/MS spectra for globo-series GSLs are shown. we showed that enzymes responsible for the synthesis of GM2, GD3, and GT1b (i.e., B4GALNT1, ST8SIA1, and ST3GAL1) were upregulated. Moreover, previous studies using human embryonic carcinoma cells reported that globo-series GSLs prominently expressed by undifferentiated cells shifted to both lacto-and ganglioseries GSLs after retinoic acid-induced differentiation (20) . In contrast, we found that in addition to globo-series GSLs, undifferentiated hESCs also expressed lacto-series GSLs including Lc 4 Cer and Fuc-(n)Lc 4 Cer. Additionally, associated with such expression, Lc3 synthase (B3GNT5) and Lc4 synthase (B3GALT5) were expressed by undifferentiated hESCs but were down-regulated after differentiation. Moreover, it is noted that mAbs against H type 1 antigen, Fucα1-2Galβ1-3GlcNAc, clearly stained the undifferentiated hESCs but not the differentiated EB, confirming the abundance of lacto-series GSLs in hESCs. Recently, Jung et al. (16) reported that in Ugcgsuppressed mouse ESCs, there were significant defects in neural differentiation, especially neural maturation related to GFAP and MAP-2 expressions.
It was suggested that cancer cells often possess traits reminiscent of those ascribed to normal early embryonic cells, and on the other hand, cancer cells also express many onco-fetoproteins that are found in hESCs. Thus, these newly found stage-specific glycan entities in hESCs may serve as markers for cancer detection or as targets of cancer therapy. Previously, we reported that SSEA-3, a marker for hESCs, is highly expressed in breast cancer and breast cancer stem cells (31) . Another well-known marker of hESCs, SSEA-4, the sialylated derivative of SSEA-3, is also expressed in cancers and breast cancer stem cells (Yu et al., unpublished work) . On the other hand, we demonstrated that Globo H, a fucosyl Gb 5 Cer overexpressed in many epithelial cell cancers, was highly expressed by undifferentiated hESCs. Recently we reported that the level of epithelial cell adhesion molecule expression that was correlated with dedifferentiation and malignant proliferation of epithelial cells and cancer stem cells was expressed in undifferentiated rather than differentiated hESCs and was associated with maintenance of the undifferentiated phenotype of hESCs (32) . Furthermore, microarray studies of gene expressions suggested that histologically poorly differentiated tumors show preferential overexpression of genes normally expressed by ESCs (33) .
Our finding of a switch in the core structures of GSLs from globoand lacto-or neolacto-to ganglio-series during hESC differentiation is consistent with the observed changes in expression patterns of GSLs during mouse embryonic development (3). It was reported that globo-series SSEA-3, SSEA-4, and Globo H are expressed at high levels in four cell stages and then later decline during mouse embryogenesis (3). SSEA-1 is not expressed until the morula stage of mouse embryos (3). In addition, ganglio-series GM3, GD3, GT3, GM2, and GD2 are expressed in later stages upon neural crest formation in mice (6, 34) , and GD3, GD1a, and GT1b were also expressed after somite formation (6, 35) . Moreover, we demonstrated that GSL alterations could be accounted for by changes in the expressions of key GTs in biosynthetic pathways of GSLs. For example, Gb5 synthase (B3GALT5)-and Globo H-related FUT1/ FUT2 were significantly suppressed when hESCs differentiated into EB outgrowth cells, accounting for the disappearance of SSEA-3 and Globo H from differentiated cells. Similarly, reductions in FUT1/FUT2 also contributed to decreases in fucosyl Lc 4 Cer lactoseries. Substantial declines in the expressions of Gb3 synthase (A4GALT) and Lc3/Lc4 synthases (B3GNT5 and B3GALT5) coupled with the striking rises in GM3, GD3, and GM2 synthases in EB outgrowth cells may be responsible for the reduced conversion of lactosylceramide to globo-and lacto-series GSLs and increased ganglio-series.
We herein propose that the modified expression profile of GSLs from globo-and lacto-to ganglio-series during hESC differentiation is primarily directed by the up-regulation of ganglio-seriesdependent GTs with simultaneous down-regulation of globo-and lacto-series-dependent GTs. Whether overexpression or knockdown of a few key GTs may lead to any modulation of hESC behavior remains to be explored. In addition, we envision that some of the unique glycan structures uncovered may serve as markers for hESCs and for cancers.
Materials and Methods
Flow Cytometric Analysis. ES and EB outgrowth cells were subjected to trypsin digestion and resuspended in PBS containing 2% FBS. For cell-surface GSL staining, resuspended cells were incubated with optimal concentrations of the primary antibodies and fluorescent-labeled secondary antibodies and analyzed by FACSCalibur (BD Biosciences). Isotype control antibodies were used as a negative control. Viable cells were gated, and hESC-specific GSL expressions were further analyzed in the gated region. For intracellular antigen staining, cells were fixed with 4% paraformaldehyde and permeabilized with ice-cold methanol before staining. Antibodies used are described in SI Materials and Methods.
Immunofluorescence Analysis. For GSL staining, ES and EB outgrowth cells grown on coverslips were fixed in 4% formaldehyde for 30 min and washed with PBS. For cell-surface GSL staining, cells were blocked in 5% goat serum in PBS and incubated with appropriate concentrations of the primary antibody and fluorescent-labeled secondary antibody in PBS containing 1% FBS. Subsequently, DAPI was used for staining for 1 min in PBS with 0.1% Triton X-100. A coverslip was mounted with a drop of mounting medium and sealed with clear nail polish to prevent drying and movement under the microscope. For intracellular antigen staining, cells were permeabilized by adding 0.1% TritonX-100 in blocking buffer before staining with the primary antibody. Antibodies used are described in SI Materials and Methods.
MALDI-MS Profiling and MALDI CID MS/MS Analysis. MALDI-MS profiling of permethylated GSLs were performed on an ABI 4700 Proteomics Analyzer (Applied Biosystems) using the 2,5-dihydroxybenzoic acid (DHB) matrix (10 mg/mL in water). Low-and high-energy CID MALDI-MS/MS sequencing was performed on a Q/TOF Ultima MALDI (Waters Micromass) with α-cyano-4-hydrocinnamic acid and a 4700 Proteomics Analyzer using the DHB matrix, respectively, as previously described in detail (29) .
